The cellular basis underlying the complex clinical symptomatology of bipolar disorder and the mechanisms underlying the actions of its effective treatments have not yet been fully elucidated. This study investigated the role of hippocampal synaptic AMPA receptors. We found that chronic administration of the antimanic agents lithium and valproate (VPA) reduced synaptic AMPA receptor GluR1/2 in hippocampal neurons in vitro and in vivo. Electrophysiological studies confirmed that the AMPA/NMDA ratio was reduced in CA1 regions of hippocampal slices from lithium-treated animals. Reduction in GluR1 phosphorylation at its cAMP-dependent protein kinase A site by the synthetic peptide TAT-S845, which mimics the effects of lithium or VPA, was sufficient to attenuate surface and synaptic GluR1/2 levels in hippocampal neurons in vitro and in vivo. Intrahippocampal infusion studies with the AMPA-specific inhibitor GYKI
Introduction
Bipolar disorder is a chronic, severe, often life-threatening illness (Goodwin and Jamison, 2007) that affects ϳ1-2% of the U.S. population (Judd and Akiskal, 2003) . Historically, the brain systems that have received the greatest attention in neurobiological studies of mood disorders were the monoaminergic neurotransmitter systems, which are extensively distributed throughout the network of limbic, striatal, hippocampal, and prefrontal cortical neuronal circuits and are thought to support the behavioral and visceral manifestations of mood disorders (Drevets, 2001; Manji et al., 2001; Nestler et al., 2002) . Recently, however, a clear need for better treatments has been recognized, as has the lack of significant advances in our ability to develop novel, improved therapeutics for these devastating illnesses. This has led to the investigation of putative roles for intracellular signaling cascades and glutamatergically mediated synaptic plasticity in bipolar disorder (Coyle and Duman, 2003; Du et al., 2003a; Nestler and Carlezon, 2006; Young, 2007) .
A growing body of data has linked the hippocampal region and bipolar disorder (for review, see Goodwin and Jamison, 2007) . In the adult hippocampus (Loza et al., 2005; Liu et al., 2007) , the AMPA receptor population comprises primarily glutamate receptor 1 (GluR1)/GluR2 and GluR2/GluR3 heteromers (Wenthold et al., 1996) . A number of studies indicate that the synaptic delivery of different subunit combinations is governed by molecular rules encoded in the intracellular C terminals of the receptor subunits (Malinow, 2003) . Phosphorylation of serines 831 and 845 (S831 and S845) in the GluR1 subunit by calcium/ calmodulin-dependent protein kinase II (CaMKII) and cAMPdependent protein kinase (PKA), respectively, regulates the ion channel properties and synaptic trafficking of GluR1-containing AMPA receptors during hippocampal long-term potentiation (LTP) (Roche et al., 1996; Barria et al., 1997; Mammen et al., 1997; Derkach et al., 1999; Banke et al., 2000; Lee et al., 2000; Esteban et al., 2003) . Dephosphorylation of the GluR1 subunit at its PKA site by protein phosphatases (e.g., calcineurin and protein phosphatase 1) targets GluR1 for recycling endosomes during long-term depression (Banke et al., 2000) . Because AMPA receptor trafficking is critical for regulating various forms of synaptic plasticity in the CNS, its potential involvement in the pathophysiology or treatment of certain neuropsychiatric disorders is an emerging area of interest (Snyder et al., 2000; Carlezon and Nestler, 2002; Chao et al., 2002; Self, 2002; Brebner et al., 2005; Peineau et al., 2007) . Notably, two antimanic agents that are structurally highly dissimilar, lithium and valproate (VPA), when administered in therapeutically relevant doses, exert major effects on intracellular signaling cascades known to regulate AMPA receptor trafficking (Coyle and Duman, 2003; Du et al., 2003b) . We therefore postulate that the effects of antimanic agents may ultimately converge to regulate AMPA receptor trafficking in critical neuronal circuits that mediate cardinal symptoms of the manic syndrome (e.g., excessive motoric and hedonic activity). Because GluR1/2 heterodimers are known to regulate various forms of synaptic plasticity, we undertook this series of studies to investigate the effects of lithium or VPA on AMPA receptor GluR1/2 distribution at synapses in vivo and in vitro. The functional significance of synaptic GluR1/2 was further addressed in animal models of manic-like behaviors.
Materials and Methods

Animal drug treatment
All animal treatments, procedures, and care were approved by the National Institute of Mental Health (NIMH) Animal Care and Use Committee and followed the Guide for the Care and Use of Laboratory Animals . Male Wistar Kyoto rats (7-8 weeks; starting weight, 150 -200 g; Harlan, Indianapolis, IN) were housed three to four per cage in a 12 h light/dark cycle and had ad libitum access to water and food. After a 1 week accommodation period, the rats were treated with lithium or VPA. Lithium-or VPA-containing chow was custom produced by Bio-Serve (Frenchtown, NJ). Drug-containing chow and control chow were identical, with the exception of the added drug, and were produced at both a low and regular concentration for each drug with concentrations of lithium carbonate at 1.2 and 2.4 g/kg, respectively, and sodium VPA at 10 and 20 g/kg, respectively. These doses of lithium or VPA have been used extensively by our group and others and have been found to lead to serum drug levels similar to those achieved therapeutically in the treatment of bipolar disorder (Yuan et al., 1999) . Rats were initially treated for 1 week at the lower dose (to acclimatize them to the diet and reduce risks of side effects), followed by 3 weeks of the higherdose treatment. The lithium experiment included 12 control and 12 experimental animals, all provided with an extra bottle of saline and daily bedding changes to minimize the effects of lithium-induced polyuria (a well known side effect of lithium). The VPA experiment also included 12 control and 12 experimental animals. An additional group of imipramine-treated animals was given injections of imipramine (10 mg/kg in 0.3 ml of saline) or saline (twice daily, i.p.) for 4 weeks.
For the electrophysiology studies, both control-and lithium-treated male rats were maintained at University of Toronto animal facilities. The animals were treated with lithium as described previously, beginning at 4 weeks of age. Experiments were performed at 8 -9 weeks of age. The experimental protocol used in this study was approved by The Animal Studies Committee at the University of Toronto. All rats were weighed and then killed by decapitation during the morning hours. Trunk blood was collected for analysis of drug levels. Mean and SD for the weights of the animals used for the biochemical studies were as follows: control, 310. 42 Ϯ 16.83; lithium, 287.18 Ϯ 17.80; VPA, 244.33 Ϯ 11.93 g. Drug serum levels were performed by Medtox Laboratories (St. Paul, MN). Only animals with drug levels within the therapeutic range were used for additional studies. In general, ϳ80% of animals achieved therapeutic levels. Serum blood levels of the animals used for additional analyses were as follows: lithium, 0.80 Ϯ 0.13 mEq/L; VPA, 80.6 ϩ 8.8 g/ml. Hippocampal tissue was dissected immediately after decapitation. Brain specimens were frozen rapidly in liquid nitrogen and stored at Ϫ80°C until further analysis.
Synaptosomal preparation and Western blot analysis
Both hippocampi from each animal were obtained to prepare synaptosomes using the differential and discontinuous Ficoll gradient centrifugation method (Pozzo-Miller et al., 1999) . Briefly, hippocampal tissue was homogenized in 3 ml of cold Syn buffer (300 mM mannitol and 1 mM EDTA, pH 7.4). Aliquots of the crude homogenate were used to determine levels of synaptic proteins in the whole hippocampus. The remaining homogenates were centrifuged at 5000 ϫ g for 10 min. The supernatants were centrifuged at 15,000 ϫ g for 30 min. The pellets were then resuspended in Syn buffer, loaded on Ficoll gradient tubes, and centrifuged at 22,000 ϫ g at 4°C for 90 min. Proteins in the interfaces between 8 and 12% and between 12 and 16% Ficoll gradient were collected, diluted in Syn buffer in a ratio of 1:4, and centrifuged for 20 min at 15,000 ϫ g. Pellets were resuspended in 500 l of 1ϫ P buffer [5.4 mM KCl, 0.8 mM MgSO 4 , 5.5 mM glucose, 50 mM HEPES, 130 mM choline chloride, 1 mM bovine serum albumin (BSA), and 0.01% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate)]. Protein concentration was determined using the BCA assay (Pierce, Rockford, IL); the presence of mannitol in the crude homogenates did not significantly affect the linearity of this assay. Equal amounts of protein from either homogenized hippocampus (3 g) or hippocampal synaptosomes (1-3 g) were separated by 10% SDS gradient gel electrophoresis (Invitrogen, Carlsbad, CA), transferred to 0.45 m pore-size polyvinylidene difluoride (PVDF) membranes (Millipore, Bedford, MA), and immunoblotted with anti-GluR2 (1:2000) and anti-GluR3 (1:200) antibodies (Chemicon, Temecula, CA). Horseradish peroxidase-conjugated antirabbit antibody (Amersham Biosciences, Piscataway, NJ; and Vector Laboratories, Burlingame, CA) was used as a secondary antibody. Immunoreactive bands were visualized by enhanced chemiluminescence (ECLϩ; Amersham Biosciences ) and exposed to Kodak (Rochester, NY) Biomax or Biolight film. The ECL signal intensities were quantified using a Kodak Image system based on standard curves of these synaptic proteins. All data were analyzed by Student's t test and presented as means Ϯ SEM.
Immunoprecipitation
Total protein (2 g) from synaptosomal preparation was mixed with equal-amount 2ϫ lysis buffer [100 mM Tris-HCl, pH 7.5, 0.1% (v/v) Triton X-100, 300 mM NaCl, 5 mM EDTA, 0.02% sodium azide, 2 g/ml apoptinin, 2 g/ml leupeptin, and 1 mM PMSF] for 30 min at 4°C. After centrifugation for 1 h at 100,000 ϫ g, the sample (2 g) was preincubated with 50 l of protein G-Sepharose slurry (Amersham Biosciences) and rotated at 4°C for 1 h. The precleared protein was incubated with either 2 g of anti-GluR2 antibody (Chemicon) for 4 h at 4°C before the addition of 50 l of protein G-Sepharose slurry. After mixing at 4°C overnight, the sample was centrifuged, and the supernatant ("unbound fraction") was collected and mixed with 50 l of protein G-Sepharose slurry for 4 h at 4°C. The beads were then washed three times in ice-cold lysis buffer and resuspended in an adjusted volume of protein sample buffer. Fractions were then boiled, separated by 4 -15% gradient SDS-PAGE, and transblotted to PVDF membranes for immunodetection of GluR1 with antiGluR1 antibody (Chemicon).
Whole-cell patch-clamp recordings
Adult male rats were anesthetized with 1-2% halothane and decapitated. Coronal slices of the hippocampus (300 m) were prepared using methods routinely used in our laboratory . Slices were transferred to a submerged recovery chamber with oxygenated (95% O 2 and 5% CO 2 ) artificial CFS (aCSF) containing (in mM) 124 NaCl, 2.5 KCl, 2 CaCl 2 , 2 MgSO 4 , 25 NaHCO 3 , 1 NaH 2 PO 4 , and 10 glucose at room temperature for at least 1 h.
Experiments were performed in a recording chamber on the stage of an Olympus (Tokyo, Japan) BX51WI microscope with infrared differential interference contrast optics for visualization of whole-cell patchclamp recordings. In the presence of picrotoxin (100 M), which blocked GABA A receptors, EPSCs were recorded from hippocampal CA1 pyramidal neurons with a Molecular Devices (Palo Alto, CA) 200B amplifier, and the stimulations were delivered by a bipolar tungsten stimulating electrode placed in striatum radium. EPSCs were induced by repetitive stimulations at 0.02 Hz, and neurons were voltage clamped at Ϫ70 mV to determine AMPA receptor-mediated EPSCs. The recording pipettes (3-5 M⍀) were filled with a solution containing (in mM) 145 CsMeSO 3 , 5 NaCl, 1 MgCl 2 , 0.2 EGTA, 10 HEPES, 2 Mg-ATP, 0.1 Na 3 -GTP, and 5 QX-314 [N-(2,6-dimethylphenylcarbamoylmethyl)-triethylammonium bromide], adjusted to pH 7.2 with CsOH. An NMDA receptor-mediated EPSC was tested as current amplitude at 50 ms after peak EPSC amplitude at a holding potential of ϩ40 mV. The ratios of AMPA and NMDA EPSCs were calculated, and data were analyzed by Student's t test.
Hippocampal neuronal culture preparations
Cultures of hippocampal neurons were prepared as described previously (Du et al., 2000) with minor modifications. Briefly, whole hippocampi were dissected from embryonic day 18 (E18) Sprague Dawley rats, dissociated in Ca 2ϩ -and Mg 2ϩ -free HBSS containing 0.125% trypsin for 15 min, triturated in DMEM (Invitrogen)/10% fetal bovine serum, and plated at 0.4 million cells per well in six-well plates. Cells were grown at 37°C, 5% CO 2 , and 95% humidity, first in 10% fetal bovine serum/ DMEM followed 1 d later with serum-free medium, Neurobasal plus B27 (B27NB; Invitrogen). Cultures were grown in serum-free medium for 8 -10 d before the start of the experiments, and the medium was changed every 3 d. Fresh medium was applied 24 h before each experiment. These cultures yielded virtually all neurons.
Peptide treatment in vitro and in vivo
Peptides designed to block the phosphorylation of GluR1 at the PKA site (S845) were synthesized in conjunction with a TAT sequence, which is a human immunodeficieny virus (HIV) sequence capable of delivering peptides into the brain passing the blood-brain barrier (Celtek Bioscience, Nashville, TN). A scrambled TAT-SCR sequence containing the same amino acids as that of the TAT-S845-specific sequence fused to the same TAT peptide sequence served as a TAT control. The sequence of TAT-S845 was YGRKKRRQRRRTLPRNSGAG, and its scrambled control (TAT-SCR) was YGRKKRRQRRRSTGLAPGRN. The concentration of the peptides used for in vitro studies was 80 M in B27NB medium.
C57BL/6J mice were obtained from a breeding colony (Taconic, Germantown, NY). Animals were group housed (n ϭ 4 per cage) in polypropylene cages on a 12 h light/dark cycle at 25°C and had ad libitum access to water and chow. Synthesized peptide (1-5 mg/25 g mice/d) was dissolved in 0.25 ml of saline and injected (intraperitoneally) into the animals for 1-4 d. Hippocampal tissue was then collected, and synaptosomal fractions were prepared as described previously. Phosphorylation of GluR1 at S845 was determined by Western blot analysis with total homogenate. The GluR1 or GluR2, or NR1 (NR1 antibody; Chemicon), contents in the synaptosomal preparations from hippocampi of the peptide-treated mice were also determined by Western blot analysis.
Surface biotinylation and Western blot analysis of GluR1, GluR2, and GluR3
Surface GluR2 receptors were detected by biotinylation assay followed by Western blot analysis using either a GluR2 antibody or a N-cadherin antibody (Sigma, St. Louis, MO) as described. At the end of VPA, lithium, or peptide treatment, for the times indicated, ice-cold PBS (with calcium and magnesium, pH 7.4; Invitrogen) was added to the cultures to prevent receptor internalization. After three washes with ice-cold PBS, cells were incubated in Sulfo-NHS-LC-biotin (0.25 mg/ml in cold PBS; Pierce) for 30 min. The surface biotinylation was stopped by removing the above solution and incubating with 10 mM ice-cold glycine in PBS for 20 min. Cells were then washed three times with cold PBS and lysed with radioimmunoprecipitation assay (RIPA) buffer [20 mM HEPES, pH 7.4, 100 mM NaCl, 1 mM EGTA, 1 mM Na orthovanadate, 50 mM NaF, 1% NP-40, 1% deoxycholate, 0.1% SDS plus Protease Inhibitor Cocktail (Sigma), and Phosphatase Inhibitor Cocktails I&II (Sigma)]. Equal amounts of biotinylated proteins were precipitated with 100 l of ImmunoPure Immobilized Streptavidin (Pierce). Biotinylated proteins were separated on a 10% SDS-PAGE gel and transferred to a nitrocellulose membrane. The membranes were probed with a polyclonal antiGluR2 antibody (1:200; Chemicon), stripped, and reprobed with anti-Ncadherin antibody (1:200; Chemicon), followed by peroxidaseconjugated goat anti-rabbit IgG (1:3000; Vector Laboratories). Immunoreactive bands were visualized by ECL (Amersham Biosciences). The ECL signal intensities were quantified by the Kodak Image program.
Fluorescent double immunostaining
Rat hippocampal neurons were treated with lithium (1.0 mM) or VPA (1.0 mM) for 4 d and fixed in 4% paraformaldehyde in PBS for 1 h on ice. The cells were then blocked with 10% normal goat serum, 1% BSA, and 0.4% Triton X-100 in PBS for 1 h. After incubating in rabbit anti-GluR2 (1:40; Chemicon) and mouse anti-Synapsin I (1:100; Chemicon) at 4°C overnight, the cells were washed extensively in PBS. The secondary antibodies were FITC-conjugated anti-mouse (for multiple staining; 1:50; Jackson ImmunoResearch, West Grove, PA) and Cy3-conjugated antirabbit (for multiple staining; 1:150; Jackson ImmunoResearch) antibodies. After extensive washing, the cells were mounted onto slides with anti-fade mounting medium (Invitrogen, Eugene, OR). Z-stack imaging was acquired by using a Zeiss (Thornwood, NY) 510-Meta confocal microscope under exactly the same conditions as the controls. Neurons were randomly photographed with five images obtained for each slice to ensure that conditions for each slice for each group were the same. The longest dendrite from each neuron treated in each group was chosen for quantification. Average dendrite lengths did not differ significantly among the control-, lithium-, or VPA-treated groups. Fluorescent intensities of GluR1 (red) and synaptotagmin (green) at each individual synapse on the longest dendrite were calculated using 510-Meta software. Data were analyzed by one-way ANOVA.
Behavioral tests
Peptides. TAT-S845 and TAT-SCR control peptides were dissolved in an aCSF solution (Alzet, Cupertino, CA) at a concentration of 160 M.
was obtained from Tocris (Ellisville, MO).
Animals and animal treatments. All animal experiments were approved by the NIMH Animal Care and Use Committee in accordance with National Institutes of Health guidelines on the care and use of animals. Male Sprague Dawley rats (250 -300 g) were obtained from Charles River Laboratories (Wilmington, MA) and allowed a 1 week period of acclimatization to the environment before experiments began. All rats were housed two per cage with ad libitum access to water and food and maintained under a 12 h light/dark cycle. For the behavioral tests, rats were housed individually.
Intrahippocampal surgery. Instruments used to perform stereotaxic surgeries were equipped with a gas anesthesia mask (David Kopf Instruments, Tujunga, CA) for delivery of isoflurane at a flow rate of 5 lpm for anesthetic induction and 2 lpm for maintenance. Osmotic minipumps (model 1002; flow rate, 0.25 l/h; Alzet/Durect Corporation, Cupertino, CA) filled with GYKI 52466 or aCSF or with TATS845, TAT-SCR, or aCSF were attached to brain infusion kits (BIK Model I; Alzet/Durect Corporation) with polyethylene tubing. BIK cannulas were guided to the dentate gyrus (anteroposterior, Ϫ3.8 mm; mediolateral, Ϯ 2.0 mm; dorsoventral, Ϫ3.6 mm), and the pumps were implanted subcutaneously between the scapulae. One day after the conclusion of the behavioral studies, rats were prepared for induction of deep anesthesia with chloral hydrate (400 -450 mg/kg, i.p.) and perfused with normal saline followed by 4% paraformaldehyde to preserve brain tissue (for fixed tissue preparation for immunostaining).
Open-field test and amphetamine hyperactivity test.
For the open-field test, each rat was placed in the center of an activity chamber (43 ϫ 43 cm; Opto-Varimex; Columbus Instruments, Columbus, OH), and total activity was recorded over a 60 min period. For the amphetamine hyperactivity tests, rats were placed in the center of an activity box for 30 min, followed immediately by an intraperitoneal 1 mg/kg injection of amphetamine. There was a 5 min waiting period to accommodate for any stressrelated fluctuations in activity caused by the injection, after which activity was recorded for another 30 min period.
Immunohistochemistry
All animals were anesthetized with chloral hydrate (400 -450 mg/kg, i.p.) and perfused transcardially with 0.1 M PBS, pH 7.4, followed by 4% paraformaldehyde in 0.1 M PBS, pH 7.4. Brains were removed, postfixed in the same fixative for 6 h, and cryoprotected by infiltration with 30% sucrose for an additional 36 h. Thereafter, the brain tissues were frozen and sectioned with a cryostat at 20 m, and sections were mounted to glass slides.
To obtain comparable immunohistochemical data, tissue sections of both control and experimental animals were simultaneously processed on the same day. The sections were sequentially treated with 0.3% hydrogen peroxide (H 2 O 2 ) in PBS for 30 min and 10% normal horse serum in 0.05 M PBS for 30 min. The sections were next incubated with diluted mouse anti-phospho-GluR1S845 (1:1000) for 48 h at 4°C. Thereafter, the tissues were exposed to biotinylated goat anti-rabbit IgG and streptavidin peroxidase complex (Vector Laboratories). The sections were visualized with 3,3Ј-diaminobenzidine in 0.1 M Tris buffer and mounted with coverslips at the same time. For quantification of the positive cell numbers in each brain region, four sets of animals infused with TAT-S845 or TAT-SCR peptide were processed for immunostaining (n ϭ 4 in each group). The sections with the cannula insertion of each animal were immunostained with anti-phospho-GluR1 antibody under exactly the same conditions. We counted the phospho-GluR1 S845-positive cells in three fields of CA1 and dentate gyrus cell layers adjacent to the cannula insertion. Each field contains 70 -150 cells. We also randomly took pictures of three fields from the CA3 region. Each field of the CA3 region contains 40 -80 neurons. The percentage of phospho-GluR1S845-positive cells was determined. Data were analyzed by Student's t test.
Results
The structurally dissimilar antimanic agents lithium and VPA attenuate AMPA receptor subunit GluR1 and GluR2 synaptic expression in vivo We undertook this series of studies to investigate GluR2 synaptic localization after treatment with lithium or VPA and their interactions with GluR1 receptors. Rats were treated chronically with lithium or VPA for 4 weeks. Hippocampal synaptosomal fractions, containing both presynaptic and postsynaptic nerve terminals, were prepared using the discontinuous Ficoll gradient method. To ensure the clinical relevance of these results, serum concentrations of both lithium and VPA were determined from blood samples collected at the time animals were killed. Only samples with concentrations that fell within respective therapeutic ranges (0.5-1.2 mM for lithium and 50 -125 g/ml for VPA) were used for additional analysis.
Because GluR1 and GluR2 receptors form tetramers in hippocampus, we sought to determine the effects of the treatments on synaptic localization of GluR1/2. Coimmunoprecipitation experiments were performed to determine the association of GluR1 and GluR2 at the synapses. Immunoprecipitation with antiGluR2 antibody coprecipitated with GluR1 in synaptosomal samples prepared from hippocampus ( Fig. 1 A) . Using a specific protein/antibody ratio, more than ϳ60% of GluR1 was recovered by coprecipitation with GluR2 from the total synaptic protein, suggesting that the majority of GluR1 receptors form tetramers with GluR2 at synapses (Fig. 1 A) . To confirm the specificity of the immunoprecipitation with GluR2 antibody, rabbit antiinsulin-like growth factor 1 (IGF-1) antibody was used as an antibody control. Coprecipitation with anti-IGF-1 antibody or without antibody did not result in any GluR1 coprecipitation (Fig. 1 A) .
Within the AMPA receptor complex, GluR2 forms heterotetramers with both GluR1 and GluR3 receptors, and GluR1/2 and GluR2/3 are the major forms of AMPA receptor tetramers in hippocampus. A decrease in the GluR1 subunit level at synapses has been shown previously in the same paradigm (Du et al., 2004) . Therefore, we examined GluR2 and GluR3 levels in synaptosomal fractions from hippocampal tissue by Western blot analysis. GluR2 expression from the preparation was significantly attenuated in lithium-and VPA-treated rats by ϳ34 and 25%, respectively ( Fig. 1 B) (one-way ANOVA, p Ͻ 0.05). Western blot analysis of synaptosomal preparations from hippocampi of lithium-or VPA-treated animals showed that GluR3 levels were no different from that of controls (Fig. 1C) . PSD95 (postsynaptic density-95) and synaptophysin, used as protein loading controls, were unchanged among the three treatment groups (data not shown). GluR1 levels (as a postsynaptic marker) were enriched four times compared with a pooled tissue homogenate from control animals (data not shown).
To determine whether the reduction in synaptic GluR2 levels was attributable to a reduction in the total levels of GluR2 receptors, Western blot analysis of GluR2 levels in hippocampal homogenates from chronically treated rats was undertaken. There was no significant decrease in GluR2 levels after lithium treatment or VPA treatment by one-way ANOVA, suggesting that the reductions in synaptic GluR2 levels were not attributable to a reduction in overall GluR2 expression but might involve GluR2 receptor trafficking (Fig. 1C) . This was examined in cultured hippocampal neurons.
Because we wanted to assess whether this effect is specific to mood stabilizers, we also tested the in vivo effect of the antidepressant imipramine on AMPA receptor localization at the synapses. We found that imipramine, which can provoke mania in humans (Prien Figure 1 . AMPA receptor subunit GluR2 is attenuated in synaptosomal preparation from long-term lithium-and VPA-treated animals. A, Coimmunoprecipitation of GluR1 and GluR2 in rat synaptosomal preparation. Different amounts of synaptosomal (Syn) proteins were immunoprecipitated with the anti-GluR2 antibody. Anti-IGF antibodies were used as a negative control. Western blot analysis was performed to determine whether GluR1 coprecipitates with GluR2. Ab, Antibody; IP, immunoprecipitation. B, C, Western blot analysis of synaptic (Syn) GluR2 and GluR3 and total GluR2 content in the hippocampus from lithium (L, Li)-treated and VPA (V)-treated animals and control (C, Con) animals (n ϭ 6 -8 animals per group; one-way ANOVA, p ϭ 0.0021; Con vs Li, **p Ͻ 0.01; Con vs VPA, *p Ͻ 0.05). Error bars indicate SE. D, The antidepressant imipramine (I) increased synaptic GluR2 in vivo. Rats were treated with imipramine for 10 d. The synaptosomal proteins from hippocampal tissue were analyzed with anti-GluR2 antibody (n ϭ 8; one-way ANOVA, p ϭ 0.1485). Synaptophysin (SYH) was used as a loading control. C, Control. et al., 1973 Control. et al., , 1984 , significantly enhanced GluR2 at synapses in hippocampus (control: 100 Ϯ 11.2%, n ϭ 7; imipramine: 131.6 Ϯ 7.23%, n ϭ 8; Student's t test, p ϭ 0.033) (Fig. 1D) .
Chronic lithium treatment reduces the AMPA/NMDA ratio in hippocampal CA1 neurons To confirm the functional significance of the effects of lithium on GluR1/GluR2 synaptic localization as described above, electrophysiological studies were performed in animals chronically treated with lithium. To determine whether lithium treatment altered the function of AMPA, but not NMDA, receptors, the AMPA/NMDA ratio was examined in hippocampal CA1 pyramidal neurons from control and lithiumtreated rats. This ratio was calculated by the AMPA receptormediated EPSC (the peak amplitude of the EPSC at a holding potential of Ϫ70 mV) divided by the NMDA receptormediated EPSC (current amplitude at 50 ms after peak EPSC amplitude at a holding potential of ϩ40 mV). In the control rats, the AMPA/NMDA ratio was 4.0 Ϯ 0.5 (n ϭ 10) (Fig.  2 A, B) . However, the ratio was significantly reduced in lithium-treated rats (2.5 Ϯ 0.4; n ϭ 8; Student's t test, p Ͻ 0.05) (Fig. 2 B) . To test whether lithium treatment affects presynaptic glutamate release, we conducted paired stimulation protocols. Two stimuli were delivered with an interval ranging from 35 to 150 min in duration. The short interval between the stimuli resulted in a facilitation of the second response, which was referred to as the paired-pulse facilitation (PPF) (Fig. 2C) . We found that PPF was similar in control (n ϭ 11) and lithium-treated (n ϭ 9) rats (Fig. 2 D) . The results suggest presynaptic glutamate release probability is unaltered after lithium treatment.
Lithium or VPA treatment attenuates surface expression and synaptic localization of GluR1/2 in cultured hippocampal neurons The mechanisms underlying the effects of lithium or VPA on AMPA receptor synaptic localization were investigated using hippocampal neuronal cultures. The cultures were prepared from E18 embryos to yield a strictly neuronal population (ϳ95%; data not shown) and cultured for 8 -10 d to establish synaptic neuronal connections.
Previous studies have shown a reduction in GluR1 on the membrane surface after lithium or VPA treatments (Du et al., 2004) . Here, we wanted to determine surface GluR2 levels on hippocampal neurons after lithium or VPA treatment. Therapeutically relevant concentrations of lithium or VPA were applied to cultured hippocampal neurons, and surface GluR2 levels were determined by a biotinylation assay. Both lithium and VPA significantly attenuated GluR2 surface expression in a timedependent manner with maximum inhibitions of 24 and 39%, respectively (Fig. 3 A, B) . The membranes used for GluR2 detection were stripped for Western blot of the neuronal surface protein marker pan-cadherin. Pan-cadherin remained unchanged after chronic treatment with lithium or VPA (Fig. 3C) .
In addition, the cytosol marker C-Src was used as a control for the surface protein. C-Src presented in the total protein fraction (20 g) but was absent in the surface protein extracted from 20 g of total protein (Fig. 3D) . Surface GluR2 levels were significantly reduced in the 1.0 mM lithium-or VPA-treated groups (Fig. 3 A, B) . The reduction in surface GluR2 levels was not seen immediately but required prolonged exposure (at least 24 h). This suggests that a chronic mechanism for drug-dependent synaptic plasticity is involved, rather than the mechanisms underlying the rapid activity-dependent regulation of surface GluR2 receptors. Surface GluR2 reduction was sustained up to 7 d (the longest treatment undertaken; data not shown).
To further investigate GluR2 receptors at synapses after lithium or VPA treatment, we determined synaptic GluR2 levels with double immunostaining of GluR2 and synapsin I. Synapsin I puncta were used as a crude indicator of synaptic specialization. After 4 d of treatment with lithium (1.0 mM) or VPA (1.0 mM), fluorescent intensities of GluR2 (red) and synapsin I (green) were determined from individual synapses. Each synapse on the longest dendrite (90 mm in length) of 11-13 neurons per treatment (ϳ250 -350 synapses per condition) were counted for fluorescent intensities (Fig. 3E) . GluR2 intensities were significantly reduced in lithium-and VPA-treated neurons, by 73.4 and 51.2%, respectively, compared with those of controls (Fig. 3F ) . The synapsin I signal was also used as an internal control. The ratio of red/green fluorescence at each individual synapse was also significantly reduced after lithium or VPA treatment by 70.5 and 59.2%, respectively (Fig. 3G) ; in contrast, the dendritic length for each group of neurons remained unchanged (Fig 3H ) . The data suggest that decreased surface expression of GluR2 does translate into changes in GluR2 synaptic expression after long-term (4 d) treatment with mood stabilizers.
Inhibition of GluR1 phosphorylation at the PKA site (S845) of the receptor is sufficient to regulate GluR1/2 tetramer membrane localization in vitro
Previous studies have shown that lithium or VPA specifically attenuates phosphorylation of GluR1 at its PKA site S845 (Du et al., 2003b (Du et al., , 2004 ). GluR1 phosphorylation is required for the insertion of GluR1/2 tetramers into neuronal membranes. However, phosphorylation of the CaMKII site, which is responsible neurons. Electrophysiological studies were performed to determine the AMPA/NMDA ratio and PPF in the CA1 region of hippocampal slices from the chronically lithium-treated animals. A, Sample traces of the AMPA/NMDA ratio in the CA1 region of hippocampal slices from lithiumtreated and control animals. B, Significant reduction in the AMPA/NMDA ratio in lithiumtreated rats (n ϭ 8) compared with control rats (n ϭ 10) (*p ϭ 0.024, unpaired Student's t test). C, Representative traces of PPF in the CA1 region of hippocampal slices from control and lithium-treated animals (35 ms). D, PPF of the CA1 region from lithium-treated hippocampal slices. There was no difference in PPF between control (n ϭ 11) and lithium-treated (n ϭ 9) rats. Error bars indicate SE.
for movement of GluR1/2 into synapses, remains unchanged after chronic lithium or VPA treatment (Du et al., 2003b (Du et al., , 2004 . We hypothesized that the reduction in synaptic GluR2 would be associated with the attenuation of GluR1 phosphorylation at its PKA site.
To test this hypothesis, we designed a fusion peptide, TAT-S845, that specifically inhibits PKA-mediated phosphorylation of the Ser 845 residue of the GluR1 subunit of the AMPA receptor and takes advantage of the delivery potential of the TAT peptide from HIV (Cao et al., 2002) . TAT-S845 peptide or a TAT-SCR peptide with a scrambled sequence was applied to hippocampal neurons at a concentration of 80 M for 2 h, 15 h, or 3 d. Western blot analysis with anti-phospho-GluR1 (S845) antibody showed that phosphorylation of GluR1 S845 was significantly reduced after 2 h of peptide treatment (Fig. 4 A) . This reduction in phospho-GluR1S845 was sustained for 3 d (Fig. 4 B) .
The membrane used for Western blot of anti-phosphoGluR1S845 antibody after 3 d of peptide treatment was stripped and reprobed with anti-GluR1S831 and anti-Synapsin I S9 (a PKA site) antibodies. The phospho-serine site on GluR1 S831 (phosphorylated by CAMKII) remained unchanged after 3 d of treatment with TAT-S845, TAT-Con peptides or control (Fig.   Figure 3 . Surface and synaptic GluR2 levels in cultured hippocampal neurons are time-dependently decreased after treatment with lithium or VPA. Surface GluR2 levels were determined by biotinylation after treatment with lithium (L, Li; 1.0 mM) or VPA (V; 1.0 mM). Data were summarized from two to three independent experiments. For the immunostaining study, hippocampal neurons were double stained with anti-GluR2 (red) and anti-synapsin I (SynI; green) antibodies after lithium (1.0 mM) or VPA (1.0 mM) treatment for 4 d. The GluR2-positive synapses are indicated with yellow arrows, and GluR2-negative synapses are indicated with blue arrows. Data were combined from two to three independent experiments. C/Con, Control. A, The effects of lithium (1.0 mM) on surface GluR2 after 6 h, 1 d, or 4 d treatment (n ϭ 5-7 for each condition; 1 d Con vs Li, *p ϭ 0.011; 4 d Con vs Li, **p ϭ 0.001; Student's t test). B, The effects of VPA (1.0 mM) on surface GluR2 after 6 h, 1 d, or 4 d treatment (n ϭ 5-7; 4 d Con vs VPA, *p ϭ 0.023; Student's t test). C, N-cadherin (N-Cad) remained unchanged in the surface protein fraction after lithium or VPA treatment (n ϭ 6). D, C-Src, a cytosal marker, is absent in the surface (S) protein fraction and abundant in total protein (T) (n ϭ 3-6; Student's t test, **p Ͻ 0.001). E, Double immunostaining of GluR2 and synapsin I indicated that GluR2 is attenuated at synapses. F, Quantification of GluR2 (red) fluorescent intensity at the synapses (n ϭ 250 -350 synapses for each group; one-way ANOVA, p Ͻ 0.001, Bonferroni's multiple comparison; Con vs Li, **p Ͻ 0.001; Con vs VPA, **p Ͻ 0.001). G, The GluR2 (red)/synapsin I (green) ratio at synapses of hippocampal neurons after lithium or VPA treatment (n ϭ 250 -350 synapses for each group; one-way ANOVA, p Ͻ 0.001, Bonferroni's multiple comparison; Con vs Li, **p Ͻ 0.001; Con vs VPA, **p Ͻ 0.001). H, Equal dendrite lengths were used for quantification in each treatment condition. Error bars indicate SE.
B, C).
In addition, the phosphorylation of synapsin I on its PKA site serine 9 showed no significant change after treatment with the TAT-S845 peptide (Fig. 4 B, C) . To determine whether the peptide altered membrane localization of GluR1 or GluR2, cultured hippocampal neurons were treated with the peptide for 15 h or 3 d. We found that membrane localization of both GluR1 and GluR2 remained unchanged after 15 h of treatment, although an inhibition of phosphorylation at the GluR1 S845 site started after 2 h of treatment. After 3 d of treatment with TAT-S845 peptide, both surface GluR1 and GluR2 were attenuated to 58.8 and 55.9%, respectively (Fig. 4 D) , suggesting that attenuation of GluR1 S845 phosphorylation is sufficient to reduce GluR1/GluR2 surface expression.
Inhibition of GluR1 phosphorylation at the PKA site (S845) of the receptor is sufficient to regulate GluR1/2 synaptic localization in vivo To further determine whether inhibition of GluR1S845 is sufficient to reduce synaptic GluR1/GluR2 in vivo, we injected mice intraperitoneally with TAT-S845 peptide and investigated its effects on GluR1 phosphorylation and GluR1/2 synaptic localization. We found that 5 mg (but not 1 mg) of TAT-S845 peptide per 25 g mouse weight significantly reduced GluR1 phosphorylation at its PKA site 6 h after intraperitoneal injection (data not shown). Therefore, we chose 4 mg/25 g mouse/d as the injection dose and intraperitoneally injected the TAT-S845 and control peptide into the animals for 4 d. Phosphorylation of GluR1 at the S845 site in hippocampal homogenates was analyzed by Western blot analysis. S845 GluR1 levels were significantly attenuated to 56.2 Ϯ 12% in TAT-S845 peptide-treated animals compared with that of TAT-SCR control peptide-treated animals (100 Ϯ 6.5%; n ϭ 4; Student's t test, p ϭ 0.018). Total GluR1 levels, which were determined by stripping of the membrane for phospho-GluR1 detection, remained unchanged (TAT-SCR: 100 Ϯ 1.6%, n ϭ 4; TAT-S845: 103.5 Ϯ 21.2%, n ϭ 4). Levels of actin, which was used as a loading control, were unchanged (data not shown).
Synaptic GluR1/2 from synaptosomal fractions was also determined by Western blot analysis with anti-GluR1 and antiGluR2 antibodies. Synaptic GluR1 was attenuated in TAT-S845-treated animals to 62.2 Ϯ 11.7% (TAT-SCR:100 Ϯ 2.5%, n ϭ 4; Student's t test, p ϭ 0.034), and synaptic GluR2 was also reduced to 41.8 Ϯ 14% (TAT-SCR: 100 Ϯ 5.7%, n ϭ 4; Student's t test, p ϭ 0.008), suggesting that attenuation of GluR1 phosphorylation at its PKA site is sufficient to mimic the effects of lithium or VPA on GluR1/2 receptor synaptic localization. NR1 levels at the synapse remained unchanged (TAT-SCR, 100 Ϯ 18.9%; TAT-S845, 88.8 Ϯ 14.5%; n ϭ 4 for each group).
Hippocampal administration of the chemical AMPA antagonist GYKI 52466 or the TAT-S845 peptide inhibitor attenuates amphetamine-induced hyperactivity
Because lithium and VPA both regulate hippocampal synaptic GluR1/2 despite being highly dissimilar structurally, we sought to investigate the role of these receptors in mediating manic-like behaviors. The first behavior examined was amphetamineinduced hyperactivity. This test has been used as a model of mania, and lithium treatment has consistently been shown to inhibit amphetamine-induced hyperactivity (Poncelet et al., 1987; Takigawa et al., 1994; Beaulieu et al., 2004; Frey et al., 2006a,b; Shaldubina et al., 2007) .
Rats undergoing continuous infusion (0.25 l/min) of the noncompetitive AMPA receptor antagonist GYKI 52466 (50 ⌴) or its aCSF vehicle control into the dentate gyrus of the hippocampus appeared healthy and exhibited normal motor coordination throughout the study. The two groups did not differ significantly in distances traveled during a 60 min open-field test (Fig. 5A) . However, when challenged with a low dose of amphetamine (1 mg/kg) to induce a manic-like state, the AMPA receptor antagonist GYKI 52466 group exhibited a highly significant attenuation of amphetamine-induced hyperactivity compared with the control group (unpaired Student's t test; t (12) ϭ 4.272; p Ͻ 0.0001) (Fig. 5B ). In addition, there were significant differences between the two groups during this baseline period in distance traveled after GYKI 52466 treatment (unpaired t test; t (12) ϭ 2.806; p ϭ 0.0053) (Fig. 5B) . The difference in distances traveled between the two groups was also much greater during the Figure 4 . TAT-S845 peptide inhibits GluR1 phosphorylation of S845 on PKA site and surface expression of GluR1 and GluR2 in a time-dependent manner. Hippocampal neurons (10 d in vitro) were treated with peptide TAT-S845 or scrambled control (Con) peptide TAT-SCR (80 M) for the times indicated. Data were combined from two to three independent experiments. A, After 2 h treatment, phosphorylation of GluR1 at S845 was significantly reduced (n ϭ 18; one-way ANOVA, p Ͻ 0.001; Con vs TAT-S845, **p Ͻ 0.001; TAT-SCR vs TATS845, **p Ͻ 0.001). B, C, After 3 d of treatment, phospho-GluR1S845, phospho-GluR1S831, and phosphosynapsin I were determined (one-way ANOVA, *p ϭ 0.0217; n ϭ 30). D, Surface GluR1 or GluR2 was determined by biotinylation assay after TAT-S845 and TAT-SCR treatment (n ϭ 38; GluR1, one-way ANOVA, **p ϭ 0.0095; GluR2, one-way ANOVA, **p ϭ 0.0053). Error bars indicate SE.
amphetamine challenge than during the baseline period (Fig.  5A) .
Because TAT-S845 peptide, a peptide that inhibits GluR1 phosphorylation at its PKA site, was able to mimic the biochemical effects of lithium or VPA and attenuate synaptic localization of AMPA GluR1/2, we decided to confirm the involvement of GluR1/2 in hippocampus in amphetamine-induced hyperactivity using TAT-S845 peptide. First, we determined the effect of the peptide on GluR1 S845 phosphorylation by immunohistochemistry after a 14 d mini-pump infusion in the hippocampal dentate gyrus region (Fig. 6) . We found that phospho-GluR1S845-positive neurons were significantly attenuated in neurons in TAT-S845-treated CA1 and in dentate gyrus regions but not in the neurons in CA3 (Fig. 6) .
Rats underwent continuous infusion (0.25 l/min) of TAT-S845 peptide (160 M), TAT-SCR peptide (160 M), or an aCSF vehicle control (160 M) into the dentate gyrus of the hippocampus. We selected a dosage twice that used in the hippocampal culture experiments to compensate for its potentially less efficient in vivo peptide delivery and/or cellular transfection. The three groups did not differ significantly in distances traveled in the 60 min open-field test (Fig. 7A ). There were no significant differences among the groups in distance traveled during the baseline period of the amphetamine challenge test (Fig. 7) ; however, there was a highly significant difference among the groups in distance traveled during the 30 min amphetamine challenge (one-way ANOVA; F (2,537) ϭ 11.057; p Ͻ 0.0001). The distance traveled by the TAT-S845 group was significantly attenuated relative to either the control peptide TAT-SCR group (Tukey's post hoc tests, p Ͻ 0.001) or the aCSF control group (Tukey's post hoc tests, p Ͻ 0.01). Our data suggest that hippocampal GluR1/2 plays a key role in the hyperactivity induced by amphetamine (Fig. 7B ). There were no differences in distances traveled between the two control groups (Fig. 7B) , indicating that the TAT-SCR peptide had no behavioral effect.
Discussion
In this study, we conducted a series of experiments that suggest that hippocampal AMPA GluR1/2 receptor subunit-specific trafficking may play an important role in the pathophysiology and treatment of manic-like behaviors. First, we found that both of the structurally dissimilar antimanic agents lithium and VPA downregulated AMPA GluR1/2 synaptic expression in the hippocampus after chronic treatment with therapeutically relevant concentrations, as assessed both in vitro and in vivo. Second, we confirmed that this biochemical observation is functionally significant by conducting an electrophysiological study showing that the AMPA/NMDA ratio is decreased in hippocampal CA1 neurons in animals chronically treated with lithium. Third, we found that TAT-S845, a peptide that inhibits GluR1 (S845) phosphorylation at its PKA site, was able to mimic the effects of lithium or VPA in attenuating both GluR1 and GluR2 surface expression in vitro and synaptic localization of GluR1 and GluR2 in the hippocampus in vivo. Fourth, we found that hippocampal dentate gyrus regional delivery of the AMPA-specific inhibitor GYKI 52466 and TAT-S845 peptide attenuated amphetamineinduced hyperactivity, suggesting that the hippocampal GluR1/2 receptors play an important role in amphetamine-induced manic behavior. Together, these data support the hypothesis that the effects of chronic treatment with lithium or VPA converge to regulate phosphorylation of the PKA site of GluR1 and thereby attenuate synaptic GluR1/2 levels; furthermore, this attenuation of GluR1/2 at synapses in vivo contributes to the antimanic effects of lithium or VPA.
Regulation of AMPA receptor trafficking by antimanic agents is a therapeutically relevant biological effect
Because chronic administration of antimanic agents induces numerous biochemical effects, our laboratory Lenox, 1999, 2000) and others (Coyle and Duman, 2003) have established several criteria that biological effects should meet to maximize their potential therapeutic efficacy. Our paradigm has five main components that this series of experiments fulfills. First, the effect of structurally different antimanic agents (such as lithium or VPA) had a common effect on GluR1/2 synaptic localization. Second, the attenuation of synaptic GluR1/2 by lithium or VPA occurred in the hippocampus, which is a brain region known to involve neuronal circuits critical for affective disorders (Brambilla et al., 2002; Velakoulis et al., 2006; Atmaca et al., 2007) . Third, the effect of lithium or VPA on synaptic GluR1/2 occurred at therapeutically relevant concentrations both in vivo and in Figure 5 . Hippocampal infusion of AMPA receptor antagonist GYKI 52466 affects manic-like behaviors. Rats were implanted bilaterally with cannula systems for continuous delivery of either GYKI 52466 (50 M) or vehicle (aCSF) control to the hippocampus. A, Open-field test. Eight days after surgery, rats were run in activity boxes for 60 min sessions. Distances traveled were scored by an automated tracking system. No significant differences were detected between treatment groups and controls for the 60 min time blocks or any of the constituent 5 min time blocks (n ϭ 6; p Ͼ 0.05, unpaired t test). B, Amphetamine-induced hyperactivity. Ten days after surgery, rats were run in activity boxes for 30 min immediately followed by an intraperitoneal injection of 1 mg/kg amphetamine and placed back in the activity boxes for another 30 min. Distances traveled were scored as in the open-field test. Significant differences in baseline and amphetamine-challenged distances traveled between the control and GYKI 52466 groups were detected (n ϭ 6; baseline: t ϭ 2.806, **p ϭ 0.0053; amphetamine: t ϭ 4.272, ***p ϭ 0.0001; unpaired t test). Error bars indicate SE.
vitro. Fourth, similar to clinically therapeutic effects, the changes in GluR1/2 activity were observed only after chronic, not acute, administration of lithium or VPA; furthermore, their combined administration had an additive effect (data not shown). Fifth, the effects were specific to antimanic agents; pro-manic agents (antidepressants, psychostimulants) (Snyder et al., 2000; Edwards et al., 2007) produced opposite effects. Finally, we used electrophysiological studies to confirm that the biochemical observation that lithium decreased synaptic GluR1/2 in the hippocampus had a functional significance; we discerned that the AMPA/NMDA ratio is decreased in CA1 regions in lithium-treated animals.
Our previous work had established that synaptic NR1 levels do not change after lithium treatment in vivo (Du et al., 2004) . Thus, the synaptic GluR1/2 reduction in this study would be expected to contribute mainly to the reduction in AMPA/NMDA ratio. The regulation of glutamatergic synaptic transmission in the CA1 region by lithium most likely occurs through a postsynaptic, not presynaptic, mechanism because no difference was found in the CA1 region between the lithium-treated and control groups in the PPF. For electrophysiological studies, we used hippocampal slices from 8-to 9-week-old (56 -63 d) rats instead of 11-to 12-week-old (77-84 d) rats in biochemical studies, because the neurons in hippocampal slices have a better survival rate for electrophysiological recording. Rats reach sexual maturity at 38 -50 d (Gabriel et al., 1992; Quinn, 2005) and become adults in 90 d (Gabriel et al., 1992; Zemunik et al., 2003) . Therefore, our work measures the effects of lithium on synaptic plasticity at a similar adolescent stage (6 -12 weeks) for both electrophysiology and biochemical studies (Zemunik et al., 2003) .
The effects of chronic lithium or VPA converge to attenuate synaptic localization of GluR1/2 tetramers via dephosphorylation of the PKA site of GluR1 receptors In this study, we investigated the detailed mechanism whereby antimanic agents modulate AMPA receptor localization. In cultured hippocampal neurons, lithium or VPA attenuated surface and synaptic GluR1/2 expression after chronic treatment (Du et al., 2004) . In addition, inhibition of GluR1 phosphorylation by a specific peptide, TAT-S845, was sufficient to attenuate GluR1/2 surface expression in vitro and synaptic expression in vivo (Fig. 4) .
Subunit-specific functions governing the synaptic delivery of AMPA receptors during formation of LTP have been studied extensively by elegant electrophysiological assays in hippocampal slice cultures Zhu et al., 2000; Shi et al., 2001 ) and corroborated by cellular biological studies in dissociated cultures (Sheng and Lee, 2001; Passafaro et al., 2003) . In activity-dependent regulation of subunit-specific AMPA receptor trafficking, GluR1 is the critical subunit that "drives" AMPA receptors to the surface and to synapses in response to various stimuli (Fu et al., 2004) . Specifically, activity-dependent movement into synapses are governed by two steps: (1) insertion of GluR1/2 onto the neuronal surface is governed by phosphorylation of GluR1 on its PKA site (GluR1 S845); and (2) GluR1/2 movement into synapses is regulated by the activation of CaMKII and mitogen-activated protein kinase . In heteromeric receptors, GluR1 acts "dominantly" over GluR2 (Shi et al., 2001) . Thus, in the hippocampus, it is believed that GluR1/2 heteromers are quickly delivered to synapses (Du et al., 2004) during activity-dependent synaptic potentiation, such as LTP.
In contrast to activity-dependent synaptic delivery of AMPA receptors into synapses, little is known about the druginduced mechanisms of specific subunits of AMPA receptor trafficking at synapses. The results of this study suggest an unexpected model: that the antimanic agents lithium and VPA downregulate GluR1/2 by inhibiting phosphorylation of GluR1 at its PKA site using a drug-specific "chronic mechanism" (Du et al., 2004 (Du et al., , 2006 . Our previous studies found that phosphorylation of GluR1 at the PKA site (S845) is significantly attenuated after treatment with lithium or VPA; however, phosphorylation of GluR1 at the CaMKII/PKC site remains unchanged, suggesting that lithium or VPA regulates GluR1 insertion but not fast movement into the synapses (Du Figure 6 . Hippocampus infusion of TAT-S845 peptide significantly attenuates GluR1 S845 phosphorylation in CA1 and dentate gyrus (DG). Rats were implanted bilaterally with cannula systems for continuous delivery of either TAT-S845 peptide or control peptide TAT-SCR. After behavioral tests were completed, brains were fixed, and brain sections were immunostained with anti-phosphoGluR1S845 antibody. GluRS845-positive cells are quantified in three brain regions in the hippocampus (CA1, CA3, and DG), as described in Materials and Methods (CA1 region, Student's t test, **p ϭ 0.0061; DG, Student's t test, **p ϭ 0.0057; n ϭ 4 animals for each group). Error bars indicate SE. et al., 2004) . The present study found that GluR2, but not GluR3, is attenuated at synapses in vivo and in vitro in a chronic manner. GluR1/2 heteromers are assembled in the endoplasmic reticulum, and the assembled hetero-tetramers remain as a functional unit while being transported into dendrites by vesicles (Vandenberghe et al., 2005) . It is now well established that regulation of synaptic GluR1/2 trafficking is a complex, multifaceted process. We propose that the attenuation of synaptic GluR1 by antimanic agents is a two-step process involving (1) attenuation of surface GluR1/GluR2, governed by phosphorylation of GluR1 on the PKA site (GluRS845), followed by (2) a gradual reduction in synaptic GluR1/2 receptors. Consistent with the effects observed in the present study, previous in vivo and in vitro studies show that chronic lithium or VPA treatments attenuate adenylyl cyclase activity via distinct mechanisms (Du et al., 2003b (Du et al., , 2004 . Previous work suggests a significant delay between attenuation of GluR1 surface expression and a decrease in GluR1 at functional synapses in cultured cortical neurons (Wolf et al., 2003) . This model is also confirmed by the in vivo study, in which TAT-S845 peptide attenuated synaptic GluR1/2. These findings are compatible with the delayed onset of the antimanic effects of lithium or VPA, which can take several days or weeks to manifest.
Inhibition of synaptic AMPA receptor activity by GYKI 52466 or TAT-S845 in hippocampus attenuates amphetamineinduced manic behavior Previous studies have shown that lithium has an antimanic effect against amphetamine-induced hyperactivity (Poncelet et al., 1987; Takigawa et al., 1994; Beaulieu et al., 2004; Frey et al., 2006a,b; Shaldubina et al., 2007) . In this study, we showed that three different experimental paradigms (treatment with lithium, treatment with AMPA antagonist GYKI 52466 infusion, or treatment with GluR1S845 phosphorylation inhibitory peptide TAT-S845 infusion) display a common effect; namely, they all attenuate hippocampal synaptic AMPA receptors and reduce amphetamine-induced hyperactivity. In our study, we observed an inhibition by GYKI 52466 on basal locomotor activity before the amphetamine injection (Fig. 5) . After amphetamine treatment, the GYKI 52466 inhibited local motion to a greater extent (ϳ72% more) than the inhibition in basal local motor activity. To further investigate amphetamine-induced hyperactivity, we therefore followed up with TAT-S845, which is a more specific inhibitor for GluR1 to mimic the effect of lithium. It is worth mentioning that the peptide TAT-S845 did not have any effects on basal locomotor activity. These data suggest that AMPA receptor activity plays an important role in the hyperactivity induced by amphetamine. Notably, a number of pharmacological studies also suggest that attenuating AMPA/kainate receptors results in antimanic-like effects (Einat and Manji, 2006) .
Recent functional brain imaging studies have identified critical neural circuits involving the prefrontal cortical regions, anterior cingulate, hippocampus, thalamus, basal ganglia, and amygdala that modulate emotional behavior and that are disturbed in primary and secondary mood disorders (Carlson et al., 2006) . Accumulating evidence suggests an association between the hippocampal region and bipolar disorder (Brambilla et al., 2002; Velakoulis et al., 2006; Atmaca et al., 2007) . For instance, functional MRI has identified hippocampal morphological abnormalities in bipolar patients (Brambilla et al., 2002; Velakoulis et al., 2006; Atmaca et al., 2007) . In addition, a recent study showed that, in the hippocampal CA1 region, the cell size of pyramidal neurons was significantly reduced in bipolar disorder patients . It has also been shown that dorsal hippocampal lesions are involved in cocaine-induced conditioned place preference (Meyers et al., 2003) . Notably, the role of PKA in AMPA receptor trafficking in the CA1 region of the hippocampus is well characterized through studies of learning and memory. Although the specific role of each brain region in mood disorders remains unclear, our study suggests that the dorsal hippocampus is involved in amphetamine-induced manic-like behavior and that the hippocampus may contribute to regulation of the reward pathway (Hyman et al., 2006) .
In conclusion, the present work provides evidence that hippocampal GluR1/2 plays an important role in the pathophysiology and treatment of manic-like behavior. Our results also provide new technical information about the distinct machinery that influences drug-specific regulation of GluR1/2. Given the links between the GluR1/2 subunit and manic-like behavior induced by psychostimulants, these studies may also ultimately provide Figure 7 . Hippocampal infusion of AMPA receptor-specific TAT-S845 peptide affects maniclike behaviors. Rats were implanted bilaterally with cannula systems for continuous delivery of TAT-S845 peptide, control peptide TAT-SCR, or vehicle (aCSF) control. A, Open-field test. Eight days after surgery, rats were run in activity boxes for 60 min sessions. Distances traveled were scored by an automated tracking system. No significant differences were detected between treatment groups and controls for the 60 min time blocks or any of the constituent 5 min time blocks (n ϭ 6; F (2,1077) ϭ 1.816; p ϭ 0.1632, one-way ANOVA). B, Amphetamine-induced hyperactivity. Ten days after surgery, rats were run in activity boxes for 30 min immediately followed by an intraperitoneal injection of 1 mg/kg amphetamine and placed back in the activity boxes for another 30 min. Distances traveled were scored as in the open-field test. One-way ANOVA detected no significant baseline differences in distances traveled among the aCSF, TAT-SCR peptide, and the TAT-S845 peptide groups. Significant differences in distances traveled among the groups for the amphetamine challenge test were detected (n ϭ 6; F (2,537) ϭ 11.06; p Ͻ 0.0001, one-way ANOVA; aCSF vs TAT-S845 groups, **p Ͻ 0.01); TAT-SCR peptide vs TAT-S845 peptide groups, ***p Ͻ 0.001; aCSF vs TAT-SCR peptide groups, p Ͼ 0.05; Tukey's post hoc tests). Error bars indicate SE.
